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Diffraction  Patterns  Produced  by  Finite 
Amplitude  Waves 

M.  A.  Krka7i<ai,k  and  LC.  A,  IIimdemann 
Departmtut  nf  2*hysics,  HichtRan  Slote  University, 

East  l-ansing,  Michigan 
(Receivwt  February  6,  1961) 

Picdireti  arc  given  wUlcli  illustrate  in  ittHail  the  optical  cilccts 
tiroduced  by  ultrasonic  waves  of  6nitc  amplitude  in  lUiuids.  Tliose 
effects  can  be  used  (m’  the  analysis  of  the  wave  form. 


The  theory  of  the  tlifTracUon  of  light  hy  an  ultrasonic  wave 
given  hy  Raman  ainl  Nath*  has  been  cxlcnclctl  by  Zankcl 
and  Hlcdcnmnn^  to  the  diflraclion  by  distoilcd  finite  ampliUiclc 
waves.  Tlicy  give  hoih  theoretical  an<l  cxitcrimental  results  in  the 
form  of  plots  of  the  intensity  of  the  first“,  secontU,  and  third- 
diffraction  orders  as  a  function  of  the  Rainan-Nalh  parameter 
v—2irnh(\  for  various  distances.  From  these  curves  one  can  sec 
that  the  intensities  of  the  diffracted  orders  pass  through  maxima 
and  minima,  going  to  zero  at  certain  n  values.  The  way  in  which 
the  intensities  of  the  various  orders  change  with  sound  intensity 
and  wave  form  can  he  seen  even  more  rcatlily  from  photographs 
of  the  diffraction  patterns.  Photographs  showing  the  intensity 
distribution  in  tlic  diffraction  orders  at  different  ultrasonic 
intensities  for  sinusoitlal  waves  have  been  given  by  Noniolo.* 
Photographs  of  the  images  produced  by  finite  ampHiudc  waves, 
using  both  wide  and  narrow  light  beams,  will  Iw  presented  here. 
Since  the  distortion  in  a  finite  amplitude  wave  increases  with 


both  ultrasonic  intensity  and  distance  from  a  sinusoidally  vibrat¬ 
ing  transducer,  the  asymmetry  of  a  diffraction  pattern,  formed 
when  collimated  light  passes  through  the  wave,  increases  both  with 
tillrasnnic  intensity  and  with  distance  from  the  source.  This  can 
be  seen  in  Fig.  1.  The  distances  from  a  1.70-Mc  6-cm  diam  quartz 
transducer  arc  given  at  the  top.  I'hc  values  V  given  at  the  left  arc 
values  of  the  Ranmn-Nalh  parameter  v^2TyiLf\.  For  this 
Iransiluccr  the  value  u«7.5  corresponds  roughly  to  a  j^rcssurc 
amplitude  at  the  transducer  of  1  atm. 

The  ])iclurc8  in  the  first  column  were  made  for  those  values  of 
pressure  nm])litudc  which  gave  nllernatcly  zeros  of  intensity  in  the 
zero*  and  first-diffraction  orders.  'I'hc  ]>iclurc8  in  the  second  and 
third  column  were  made  at  the  same  initial  pressure  am)>iiludcs. 
It  can  be  seen  that  l>ccause  of  dislorlion  and  of  absorption  of  the 
wave  the  zeros  of  intcnslly  are  no  longiT  necessarily  in  the  same 
orders.  'I'lic  zeros  of  the  dilTraclcd  orders  arc  asymmetrical,  as  arc 
the  intensity  maxima.  'Die  positions  of  the  maxima  at  the  edges  of 
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the  pattern  arc  also  determined  !)y  the  wave  form.  Mikhailov  and 
Shutilov^  liavc  developed  a  niclIuKl  for  inferring  the  ultrasonic 
wave  form  from  the  positions  of  these  inaxiina. 

Pictures  of  the  dilTracllon  patterns  produced  hy  distorted 
ultrasonic  waves  liavc  been  given  by  Mikhailov  and  Shutilov.*”® 
The  way  the  zeros  of  light  intensity  vary  with  ultrasonic  intensity 
is  n<it  ol)vi(ius  in  their  photographs  because  of  the  high  ultrasonic 
intensities  used.  Minima  of  intensity  arc  visible  in  Mg.  3  of 
Shutilov,’ 

A  homogeneous  portion  of  the  ultrasonic  beam  was  used  in  these 
experiments  in  order  to  secure  zeros  of  intensity  in  the  diffraction 
pattern.  'I'liis  was  accomplished  by  making  (he  cross  section  of  the 
light  l)cnni  mm  in  diam. 

If  the  liglit  beam  width  is  less  than  one  ultrasonic  wave  length, 
discrete  dilTracliun  patterns  arc  no  longer  formed.  'I'hc  image 
appears  broadened.  If  the  ultrasonic  wave  is  distorted  the 
hroa<lcnc(l  image  Is  asymmetrical,  the  more  intense  side  of  the 
image  licing  closer  to  the  undcflcctcd  {wsilion  and  on  the  side  of 
the  optical  axis  opposite  the  ultrasonic  source*;  i.c.,  Ihc  direction 
of  propagation  of  ultrasound  is  from  left  to  right  in  hofh  Figs.  1 
and  2.  broadened  images  arc  shown  in  Fig.  2  for  conditions  identi¬ 
cal  with  those  for  Mg.  1,  with  a  light  beam  wullh  equal  to  half  the 


ultrasonic  wavelength.  The  theory  of  narrow  beam  diffraction  and 
its  experimental  verification  have  liccn  given  Ijy  Hargrove,  Zankcl, 
and  Hiedemann.®  The  width  of  the  patterns  is  the  same  as  that  of 
the  corrcsjwnding  diffraction  patterns  in  Fig.  1.  Thac  images  can 
be  thought  of  as  “smeared  out”  images  of  the  discrete  diffraction 
patterns,  although  the  light  intensity  docs  not  go  to  zero  within 
the  pattern.  To  secure  such  zeros  without  discrete  orders,  the 
light  beam  width  should  be  between  one-half  and  one  ultrasonic 
wavelength.  Such  patterns,  produced  hy  sinusoidal  waves  arc 
given  by  Brcazcalc  and  Hiedemann.’* 

*  C.  V.  Kninan  iiml  N.  S.  N.  Nath,  Tree.  Indian  Acad.  Scl.  2.  406  (PXIIi); 

2.  41.3  (iy.3.S):3.  75  (l‘>.16);  (1036). 

*  K.  L.  ^ankcl  and  K,  A.  Ilicdemnna,  J,  Acouat.  See.  Am.  91,  44  (19.S9). 

*0.  Noinoto,  Proc.  Phys,  Math.  Soc.  Japan  C.I]  22,  .314  (1040). 

*1.  G.  Mikindluv  and  V.  A.  Shutilov,  Soviet  Phys.— Acouhucs  4,  174 
(1958). 

*1.  G.  Mikhnihw  and  V.  A.  Shutilov,  Soviet  Phys. — -Acoustics  3,  217 
(1957). 

*J.  G,  Mikhailov  ami  V.  A.  Shutilov,  Soviet  Phya. — Acoustics  S,  75 
(19.59). 

»V.  A.  SJmtIlov.  .Soviet  Phys.— Acoufltlcs,  5.  230  (1959). 

*M.  A.  Brcazcalc  and  F.  A.  llic<lctnanti.  J.  Acoust.  An).  90,  ?SI 
(19.58). 

*  L.  K.  II.TrRrovo,  K.  L,  ^ankcl.  and  1').  llicdcmann,  J.  Acoust.  Soc. 
Am.  31.  1366  (19.59). 

**M.  .V.  Breazeulc  and  1C.  A.  lliedvinann,  J,  Acoust,  Sue.  Am.  91,  24 
(1959). 
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LIGHT  DIFFRACTION  BY  PROGRESSIVE  U LTRASONIC 
WAVES  IN  PLEXIGLAS-'- 

hy  W.  G.  Maver  and  ¥1.  A.  Hiedemann 
Physios  Department  Micliigan  State  University,  East  Lansing,  Midiignn,  U.S.A. 
Summary 

The  optical  grating  produced  by  a  progressive  ultrasonic  wave  in  Plexiglas  is  used  to 
verify  directiy  the  Ranian-Nath  theory  for  solids  after  it  is  siiown  that  no  finite  amplitude 
distortion  of  the  waveform  is  present.  The  absorption  coefficient  is  determined  by  evaluating 
the  diffraction  pattern. 

Z  H  s  a  ni  ni  e  n  f  a  a  a  u  n  g 

Daa  von  cincr  fortsdireiteiulen  Ultraschallwclle  in  Plexiglas  er/engte  optisdio  Gittcr  wird 
v.iim  dirckten  Beweia  der  Raman-Nathsdten  Theorie  fiir  Festkorper  benutzt,  nadidem  gezeigt 
wird,  dal3  koine  Aufsteilung  der  Wcllcnforni  diirdi  cndlidie  Amplitnden  festzustellen  ist.  Der 
Abaorptionskoeffizient  wird  durdi  Auswertung  von  Bciigttngsspektrcn  bestimint. 

S  0  tn  m  a  i  r  0 

Pour  verifier  directemenl  la  theorie  dc  Raman-Natb  sur  los  solidns,  on  utilise  le  rcseaii 
opliquo  protiuit  par  une  onde  ultra-sonore  progressive  dans  Ic  picxiglas,  npres  avoir  dfimontc 
((u’aucune  distortion  finie  de  la  forme  d’onde  n’cal  pre.scnlo.  Le  coefficient  d’absorplion  est 
determine  par  I’evaluation  dea  spectres  de  diffraction. 


1.  Introduction 

The  llieoiy  of  Raman  and  NAlit  [1]  i>redicls  that 
the  light  intensity  in  the  n'^'  order  of  a  dilTrne.tion 
putlerii  prodiicod  hy  a  progrtiasivo  tillrusonio  wave 
is  given  hy  /„  (1) 

wliere.  is  the  n'''  order  Ilesscl  function  of  nrgu- 
nient  v  .  'I'lie  pnniuKtter  v  is  given  ity 

(2) 

Here  L  is  tlie  patii  iength  of  the  light  in  the  ultra¬ 
sonic  liciiin.  )!  the  nnixinnnn  diange  of  index  of 
ridriiclion.  and  /  tiic  wavciengtii  ol  the  light. 

SANnnns  |2|.  Nomoto  |.'il  and  others  have  found 
aatisfaclory  agreement  lielween  thi'  results  of  their 
experiinenlal  work  in  li((niils  ami  e<|.  (I  ).  However, 
there  are  sonii!  minor  diserepaneies  lietween  the 
measured  vtilnes  and  the  theoretieal  enrves.  Some  of 
tiiese  deviations  may  be  explaineil  in  the  light  of 
reicnt  (experiments  iiy  Zahemuo.  Krasii.nihov  and 
.SiiKi.ovsKAiA-lxoinn  I  1|  and  Zaxkki,  and  lliKnE,MANN 
Ihl  wild  allowed  that  the  presein  e  of  higher  bar- 
inonie  eoniponeiits  in  an  originally  sinusoidal  iiltra- 
soiiie  ware  will  not  only  eause  asyininelries  in  the 
liglit  distriliiition  of  tile  diffraction  pattern  but  will 
also  sliift  the  niaxiina  and  minima  of  a  dinraelion 
order  to  other  values  of  c  than  predicted  hy  e(|.  (If. 
>inee  linite  ainplitiide  distortions  tseeond  liariiio- 
iiies)  are  eoinmouly  present  in  the  ranges  where 
iiieasureiiients  are  normally  made,  tlie  slight  dis- 

'  This  work  was  supported  liv  tlie  Office  of  Naval 
He^eareli.  U  S.  Now.  and  hy  tlie  National  Science 
I'oundalioM.  tirant  NSF-0  tr'i  1ft. 


ngreomont  liclwccn  theory  and  measured  values  in 
some  liipiids  may  he  nttrihnied  to  this  effect.  Fur- 
tliermoro,  using  a  liipiid  with  niodorato  nhsorptiim, 
it  is  more  diffieull  to  produce  a  pure  progressivo 
wave,  than  was  realized  in  some  early  investigations. 
Refleeled  waves  will  lend  to  infliieneo  the  light  in¬ 
tensity  dislrilmtion  of  llio  dilTraelion  iinltcrn. 

2,  Procedure 

The  Ra.han-Natii  theory  was  verified  indirectly 
for  sidids  hy  the  work  of  Muei.i.eu  |  6].  f?]  dealing 
with  elaslo-optieal  conslanls.  Direct  verifieulions  of 
the  light  inlensily  distribution  in  the  diffraelion 
paltern  were  reported  only  fur  liipiids.  In  solids  like 
glas,ses  and  Ininspareiil  eryslals  only  llie  effects  of 
stationary  waves  were  observed  on  aeeoiinl  of  the 
small  sound  absorption  in  these  siibslaiiees.  PiiOTZ- 
•MA.N  |f{|  n.sed  tile  .spacing  of  the  diffraelion  iiattcrn 
produced  liy  iillrasoiiie  waves  to  measure  the  sound 
velocity  in  Plexiglas  where  the  ahsorplion  is  very 
high  us  reported  by  i\Ia.so,n  and  McSkimin  f'J]. 
Plexiglas  should  therefore  he  useful  for  the  study 
of  the  dilTnielion  pattern  piodtieed  hy  a  progressive 
wave  ill  a  solid;  the  high  alisolption  eoeffieienl 
makes  it  possible  to  exclude  refleeled  waves.  In  the 
experiment  deserihed  here  a  block  of  Plexiglas  is 
used  w  hich  has  the  dimensions  1  Gem  ,  '  20  cm  y  fiOetn. 
(joiisideriiig  the  value  of  alisorption  given  hy  Mason 
and  McSkimin.  z  dli/eiii  for  2.. 6  Me/s,  one  sees 
that  an  iillrasoiiie  wave  of  that  freipieney  travelling 
ill  tile  direi  lion  of  tlie  longest  dimension  of  the  Iiloek 
will  reliirii  to  the  transdm cr  attenuated  hy  several 
hiiiidred  dll. 
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Diffraction  of  Light  by  Ultrasonic  Waves  of  Various  Standing  Wave  Ratios* 

B.  T).  (’OOKt  ANO  K.  A.  Hiedemann 

Deparlnieitt  «/  Physics^  Michigan  State  (tuiversity,  East  Laming,  Michigan 
(Received  January  16,  1961) 

The  theory  for  the  diffraction  of  light  by  plane  ultrasonic  waves  of  various  standing  wave  r.atios  is  derived. 

'Phe  liquid  medium  disturbed  by  the  ultrasound  is  cousUlered  to  .act  as  an  optical  phase  grating.  By 
evaluating  the  diffraction  integral  for  the  light  amplitude,  expressions  for  the  Doppler  shift,  the  lime 
dependent,  and  the  time  average  light  intensities  are  found  for  the  diffr.action  spectrum.  Experimental 
measurements  using  two  adjacent  ultrasonic  waves  progressing  in  o]>posite  directions  to  simulate  the 
desired  optical  phase  grating  indicate  that  the  theory  is  valid. 


INTRODUCTION 

The  [trevious  studies  of  the  dilTractioii  of  light  by 
ultrasoutid  have  considered  two  extreme  cases: 
tlic  progressive  wave  and  the  stationary  wave.  In  this 
investigation  the  simplified  Raman  and  Nath  theory 
is  extended  to  the  diffraction  of  light  by  ultrasound  of 
various  standing  wave  ratios. 

The  simplified  theory  of  Raman  and  Nath'  considers 
the  medium  to  act  as  an  optical  phase  grating  and 
assumes  that  there  is  no  amplitude  modulation  of  the 
light  wavefront  emerging  from  the  ultrasound.  For 
progressive  and  stationary  waves  this  theory  is  success¬ 
ful  in  jircdicting  not  only  the  separation  and  intensities 
of  the  diffracted  orders  but  also  tlie  Doppler  shift  of 
llie  diffracted  light.  Other  theoretical  considerations 
have  shown  that  the  simiilificd  theory  is  valid  over  a 
wide  range  of  exiieriniental  conditions. 

For  both  jjrogressive  and  stationary  waves  Sanders* 
cxjurimcntally  confirmed  the  light  intensities  given  by 
tltc  Raman  and  Natli  tlicory.  Debye,  Sack,  and 
Coulon*  first  experimentally  detcctccl  the  Doppler 
sliift.  By  using  magnetic  detuning  of  the  mercury 
re.sonancc  line,  Ali'  has  directly  measured  the  Dojipler 
shift  for  ])rogre.ssive  waves. 

'I'lic  light  intensity  in  the  diffracted  orders  is  also 
lime  dcjKMidcnt  for  standing  waves  of  finite  standing 
wave  ratio  (SWR).  Tliese  orders  can  be  used  as  a 
light  .source  for  a  Htroboscoi)e.  Therefore,  to  fully 
understaiul  the  i)rineiples  of  the  ultrasonic  modulation 
stroboscoiie,  it  is  necessary  to  understand  how  light  is 
diffracted  by  ultrasonic  waves  of  various  SWR. 

A  two-transducer  method  is  used  to  jiroduee  an 
ojitical  grating  corresixmding  to  one  produced  by  a 
stationary  wave.  The  light  is  dilTracled  successively 
by  two  adjacent,  oppositely  directed  sound  beams. 
Others'’"*  have  used  this  method  to  some  success. 

*  This  rt-ai’iirrli  was  suppurird  by  Ille  Ollier  i.f  OrdmuK'r 
Rrsrarrli,  1'.  S,  ;\rmy.  Jmd  by  thr  Ollier  of  Naval  Kesearcll. 
t  \afi<tiial  Seieiiee  I'olmdation  Coopemlivc  I'ellow. 

'  C.  V.  Raman  ami  N.  S.  Natli,  I’roe.  Indian  .-tcad.  .Sci.  A2, -lOfi 
|19,I.S);3,  7.1  (1'MO). 

’  E.  II.  Sanilers,  fan.  J.  Ri'searrh  (/\)  11.  I.s8  (Iv.Ui). 

*  P.  Debve,  H.  Sark,  and  E.  foiilon.  fompt.  rend.  198,  922 
(19.1.11. 

•  1..  Ali.  Ilelv,  I’livs.  .Xela  9,  63  (19.16). 

‘  K.  liar,  Ilelv.  Pliys.  .\ela,  9,  678  (19,i6). 

‘’.4.  Pande,  M,  Panelioly,  and  S.  Parlhasaratliy,  J.  Sei.  In,!. 
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Recently,  Mertens*  has  theoretically  given  the  criteria 
for  the  conditions  under  which  succe.ssivc  diffraction 
by  two  sound  beams  is  the  same  as  simultaneous 
diffraction. 

THEORY 

The  simjjlified  Raman  and  Natli  theory  evaluates  a 
diffraction  integral  for  a  phase  grating.  For  a  collimated 
monochromatic  light  beam  of  width  2D  at  normal 
incidence  to  an  infinite  transmission  phase  grating,  the 
amjylitudc  distribution  of  the  diffracted  light  is  given 
by 

,4(e)  =  Ce'"'  j  cxp{r[«ir-hiiOr,f)])(/.v,  (1) 

where  u=2wl\  .and  /=sin9.  X  is  the  wavelength  of  the 
light,  w  is  the  angular  frecjucncy  of  the  light,  and  8  is 
the  angle  at  which  the  light  is  diffracted ;  C  is  a  normnl- 
ixation  constant.  'Die  term  r(.v,0  is  a  dimensionless 
parameter  describing  the  optical  jihase  grating  in  space 
and  time. 

'i'his  parameter  v(x,f)  is  related  to  the  instantaneous 
sound  jircssurc  through  the  change  of  index  of  refrac¬ 
tion.  h'or  jilane  ultrasonic  waves  of  instantaneous 
pressure  /’(*,/), 

v{x,t)^{2t,I.K/'K)p{xA  (2) 

where  k  is  the  iiicao-ojitic  constant  for  the  medium  and 
is  llie  width  of  the  sound  beam, 
riic  instantaneous  jrressure  in  a  sinusoidal  standing 
wave  may  be  written  as 

p[x,l)  =  p  fXn{a>*t—k*x)+{p/a)  sin(w’*/-|-I:*.v),  (.3) 

where  w*  and  k*  arc  tlic  acoustic  angular  frc(|uency 
and  wave  constant,  rcsiieclively.  The  (uinntity  a  is  the 
.standing  wave  ratio  (SWR),  i.c.,  the  ratio  of  the 
aniiilitude  of  the  incident  wave  to  the  amplitude  of 
tlic  redected  wave,  [’’or  sucli  a  .standing  wave  tlie 
diffraction  integral  becomes 

.1  (0)  -  Cc'"'  J  expj  f  j^n/.v-l-i'  sin  (u*l-k*x) 

^  sin(w*/-f |(/.v.  (4) 

'R.  Mcriciis,  z,  I'hyr.ik  160,291  (VX/);. 
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Using  the  identity 

i:  Jr{b)e«l,  (5) 

where  J,  is  the  rth  order  Bessel  Function,  Eq.  (4)  upon 
integration  gives 

.1  (0)-  2C'c'''''^X)  22  j  ex])[((r+f)to*/] 

X  { sin[///H-  (i  -  r)i*]/2  j  /[«/+  (i—  r)k*^ .  (6) 

'I'o  noriiiali/,e,  it  is  assumed  tiuit  the  light  amiilitudc 
at  0  —  0  equals  unity  for  J'=0 ;  thus  one  linds  C=l/2D. 
J.ct  n^r—s,  and  then  Fq.  (6)  becomes 

-I  (o)-2;  22. „("')ii-„ 

nr  \  a/ 

Xexi){!t(2r— h)w*+w]/),  (7) 

where 

IF„=  sin(!d-  ,ik*)D/{ul-nk*)D.  (8) 

h’nr  hical  dilTractinn,  72 ->  .  Il^„  then  has  nonzero 

values  only  for 

(9) 

which  means  that  light  occurs  only  at  angles  given  by 

sin0=«X/X*.  (10) 

I'hua  the  light  is  diffracted  into  discrete  orders  of 
amplitude  A  „  given  by 

.1,,=  E  ■hir)Jr  ^  cx]){)[(2f-«)a)*+u]/j.  (11) 


l''io.  2.  'I'hcorctical  averaau  lialit  inlciisilies  in  llie 
first  orders  for  diflcrcnt  SVVR. 


incident  light  of  frequency  v,  the  «th  o'  der  contains 
light  of  frequencies  ti+(2r—u)i>*  with  amplitudes 
Jr(i')Jr  )>(V«))  where  r  takes  on  all  integral  values, 
positive  and  negative,  The  amplitude  of  these  non¬ 
coherent  components  of  the  light  in  each  order  dqtends 
on  the  SWR  while  the  actual  frequency  shift  docs  not. 

The  time-dependent  intensity  in  the  «th  order  is 

7..=  /l„/l„* 

=  22  22  -Wr  „(-)./.(r)./n 

r— «.  \a/ 

Xexi)[)2(r— /i)«*0  (12) 
and  the  time  average  light  intensity  is 


The  interpretation  given  to  Er|.  (II)  is  that  the  light 
in  the  orders  has  undergone  dilTcrcnt  amounts  of 
l)op]ilcr  shift.  I'nr  ultrasound  of  frequency  v*  and 


/,.=  E  .lrHr)Jr  .,■(')  ('•<) 

r-  y.  \  II  / 

M(|uation  (13)  reduces  to  the  Raman  and  Nath  results 
for  both  progressive  and  stationtiry  wtives.  I'or  pro¬ 
gressive  waves  (a— >  -y.),  the  light  in  the  nth  order  is 
of  a  single  frequency  I'+nv*.  The  expressions  for  the 
tirne-de])endent  and  average  light  intensities  are 
identical.  'I’hey  arc  given  by 


(M) 

(o)-a„.. 

(15) 

For  stationary  waves  the  time-dependent  light  intensity 
is  expressed  in  ii  more  convenient  form  if  one  writes 
for  the  phase  grating 

i'f.i',/)  =  2i'  cosu*/  sin/.’*.v.  ( 1 6) 

.Alter  integniting  and  normtdizing  as  above,  the  time- 
dependent  light  intensity  becomes 

7„=.f„T2iM-os,,)’*t). 


(17) 
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From  Eq.  (13)  or  by  taking  the  time  average  of  Eq, 
(17)  one  finds  that  the  time  average  light  intensity  for 
a  stationary  wave  is 

/,,=  E  (18) 

r=— te 

The  time  dependence  of  Eq.  (17)  follows  from  Eq.  (14) 
if  one  considers  the  grating  model.  For  a  progressive 
wave  the  grating  is  translating  in  its  own  plane. 
Translation  of  an  infinite  grating  does  not  change  the 
light  distribution  in  the  diffracted  orders.  For  a 
stationary  wave  one  may  consider  the  grating  fixed 
in  space  and  the  magnitude  of  the  phase  variation  to 
be  sinusoidal  in  time.  Thus  tiie  light  intensities  of  tl\e 
orders  vary  in  time  as  tlie  magnitude  of  the  phase 
grating  varies. 

Equations  (17)  and  (18)  are  the  same  as  those 
given  by  Raman  and  Nath'  ”  except  that  the  equations 
of  Raman  and  Nath  have  {v  rather  than  v  as  the 


Fii:.  .1.  'Tlu-ori-lical  iiveraj'c  lialtl  iiilcnsilies  in  llu: 
siToiid  ordnrs  for  (liffcrntU  SWK. 

argument  of  the  Hessel  functions.  This  difference 
arises  because  the  Ramai\  and  Nath  v  refers  to  the 
ma.ximuin  amplitude  in  tiie  stationary  wave,  whereas, 
liie  1)  in  lujs.  (17)  and  (18)  refers  to  the  amplitude  of 
tile  separate  opposite-directed  waves. 

h'igures  I  ‘1  siiow  theoretical  curves  for  the  average 
liglit  intensities  in  tiie  zero,  first,  second,  and  thirti 
orders,  respectivciy,  for  vttrious  standing  wiivc  ratios. 
Old)'  foi  iirogrcssivc  waves  do  the  minitmims  of  the 
ligiit  inten.sities  lieconie  zeros. 

EXPERIMENTAL  ARRANGEMENT 

.An  o]itical  ])hase  grating  corresjionding  to  that  of 
an  ullrasom'c  standing  wave  is  ])roducc<l  with  adjacent 
jirogressive  waves  traveiing  in  opjiosite  ilirections. 
Tiie  ojitical  axis  intercepts  both  sound  beams  normally. 
Tlie  arrangement  of  two  adjacent  .sound  beams  is 
useci  becatise  in  tiiis  way  tiie  SWK  c:in  be  rcarlily 
-  N.  S  Nalli.  Akiisl.  ■/,.  I,  2(>3  (tO.Wi. 


Fio,  4.  'Tlicorcllcal  average  light  intensities  in  the 
lliird  orders  for  ilifferent  SWit. 


determined  by  optical  means,  h'or  a  certaiti  applied 
rf  potential  to  the  transducers,  the  v  value  of  each 
.sound  may  be  determined  individually  from  Eq.  (14) 
if  the  other  transducer  is  placed  such  that  its  sound 
beam  docs  not  cross  the  optical  ,xith.  The  two  pro- 
grcs.sivc  waves  arc  obtiiincd  by  eliminating  reflections 
in  a  s])e(:iiilly  designed  tank.  Tiiis  tank  is  a  modification 
on  tlie  one  described  by  Hargrove,  Zankel,  and 
Hiedcmatin.'"  Tlie  sound  traveiing  in  eacli  direction 
is  absorbed  by  a  castor  oil  termination. 

A  schematic  diagram  is  .sliown  in  Fig.  5.  ’I'lio  mercury 
light  source  illuminates  the  slit  SL.  The  collimated 
beam  produced  by  lens  La  is  normal  to  both  sound 
beams.  The  light  intensities  of  the  tliffractcd  orders  are 
measured  by  a  pbotomulliplicr. 

'Two  air-backed  riuartz  transducers  are  driven  by  a 
crystal-controlled  ,300-w  transmitter.  'I'lie  transilucers 
arc  1  in.  sip  Tlie  relative  ultrasonic  output  of  the 
transducer  is  controlled  witli  a  vari.abic  inductance 
used  as  an  im])cdance  match  helwcen  transmitter  and 
the  transducers. 

Tlic  average  liglit  intensity  is  measured  with  a 
microiiliolometcr  piiotomultiidier.  I'br  lime-dependent 
meiisuremenls  tlie  output  signal  of  the  ])holomultii>lier 


I'M..  L.  II.iigi..v(,  K.  1-  /.Hiitcl,  .'Ui.'l  l-I.  llit'flrniann,  J. 
.\cuiist.  Sfic.  Am.  .31,  130fi  MU.Yl). 
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is  amplified  by  two  wide-band  amplifiers  in  cascade 
and  displayed  on  an  oscilloscope. 

To  avoid  finite  amplitude  effects  the  measurements 
are  made  at  low  intensities  and  close  to  the  transducers. 
All  measurements  are  made  in  water  at  room  temper¬ 
ature  at  the  frequency  of  1  Me. 

EXPERIMENTAL  OBSERVATIONS 

Figure  6  shows  experimental  values  and  theoretical 
curves  for  three  orders  at  SWR=2.  Within  experi¬ 
mental  accuracy  the  orders  are  symmetric  about  the 
zero  order.  The  agreement  between  theory  and  experi¬ 
ment  is  best  at  small  v  values.  At  higher  «  values  the 
deviations  are  probably  caused  by  the  fact  that  the 
theory  assumes  that  the  light  is  diffracted  simul¬ 
taneously  by  the  two  beams  while  the  experimental 
arrangement  is  such  that  it  is  diffracted  first  by  one 
beam,  then  by  the  other.  Using  the  reasoning  of 
Mertens,®  one  would  expect  higher  discrepancies  at 
higher  v  values  for  successive  diffraction  as  the  light 
may  be  bent  significantly  by  the  first  beam. 

The  shape  of  oscilloscope  traces  representing  the 
time-dependent  intensities  are  similar  to  the  curves 
irredictcd  by  Eqs.  (12)  and  (17).  Maximum  modulation 
is  observed  to  occur  when  SWR=1. 


MODULATION  STROBOSCOPES  ’ 


As  the  maximum  time-dependent  modulation  occurs 
when  SWR=  1,  the  diffracted  orders  caused  by  the 
stationary  waves  are  used  extensively  ns  sources  of 
modulated  light  especially  in  stroboscopes.  The  zero 
order  provides  two  pulses  of  light  per  period  of  ultra¬ 
sound.  This  pulse  width  is  dependent  on  the  parameter 
II  as  shown  in  h'ig.  7.  In  general  the  pulse  width  de¬ 
creases  as  the  parameter  v  is  increased;  however, 
satellite  pulses  occur  at  v  greater  than  three. 

I'igurc  7  also  shows  the  time-de))cndent  light  intensity 


SWR*2 

WATER 


F«I.OMC. 
EXP.  •  •  •  • 
THEOR. — 


V 

I'li:.  0.  I'sin  riiiK-iilJil  .mil  Ihi'iircliciil  lillhl  inlcnsilira  n(  ihc 
7.i.r*>,  lirat,  .liiil  sccor.i!  nritt-rr.  for  SW'R  — 2. 


I'Tc.  7.  Theoretical  time  dependent  light  intensities  of  the  zero 
and  first  orders  for  a  stationary  wave  of  ii=  1.25  and  «=3,0. 


for  the  first  order  for  two  values  of  v.  It  is  evident  from 
Eq.  (17)  that  the  orders  higher  than  the  first  will  also 
exhibit  time-dependence  similar  to  that  of  the  first 
order.  The  modulation  of  these  less-intense  higher 
orders  is  not  as  suitable  for  stroboscopic  use  as  the 
zero  order. 

Equation  (12)  gives  the  harmonic  structure  of  the 
magnitude  of  the  light  intensities  of  the  diffracted 
orders  for  any  SWR.  From  this  equation  it  is  seen 
that  the  fundamental  frequency  of  light  modulation  is 
211*  for  all  finite  SWR.  For  all  finite  SWR<1,  the 
diffracted  orders  arc  not  completely  modulated  but  each 
has  residual  light  which  docs  not  undergo  modulation. 

SUMMARY , 

Expressions  for  the  diffraction  of  light  by  phvne 
ultrasonic  waves  of  various  standing  wave  ratios  arc 
derived  using  the  method  of  Raman  and  Nath.  This 
method  consists  of  evaluating  a  diffraction  integral 
for  an  oitlical  phase  grating.  The  expressions  for  the 
light  intensity  of  the  diffraction  spectrum  reduce  to 
those  given  by  Raman  and  Nath  for  progressive  anil 
stationary  waves. 

The  light  intensities  in  the  diffracted  orders  are 
found  to  be  time  dependent  for  stantiing  waves  with 
finite  standing  wave  ratio  (SWR),  In  application  to 
diffraction  type  stroboscoi)c*s,  the  amount  of  light 
modulation  in  tlic  diffracted  orders  can  now  be 
determined  for  various  SWR. 

It  is  theoretically  shown  that  the  magnituiles  of 
noneoherent  components  resulting  from  Doppler  shift 
licpend  on  the  SWR.  Further,  fur  finite  SWR,  tlic 
freciucncy  shift  is  found  to  be  in(le])en(lent  of  SWR. 

Measurements  of  timc-deijcndcnt  and  average  light 
intensities  indicate  that  the  theoretical  results  are  valid. 
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EXPERIFENT'M  '’TUDISS  OF  THE  "LE^'^T  =!TABLE  W4VEFOR^’'' 

On  propags^tlng  through  p  llouid,  an  ultrasonic  wave  of 
large  nmplltude  can  undergo  cilstortlon  so  that  the  slope  of  Its 
leading  edge  Is  much  greater  than  that  of  Its  trailing  edge. 

If  such  a  non-symiretrlc  wave  is  reflected  from  a  boundary,  two 
extreme  cases  are  possible:  the  waveform  may  be  unchanged,  as  in 
the  case  of  a  perfectly  rigid  reflector,  or  it  may  be  Inverted, 
as  in  the  case  of  a  perfect  pressure  release  reflector.  For  a 
pressure  release  reflector,  the  resulting  waveform  would  have  the 
slope  of  its  trailing  edge  greater  than  the  slope  of  its  leading 
edge.  Such  a  waveform  has  been  described  by  Pay^  as  the  "least 
stable  waveform"  in  contrast  with  the  more  usual  case  of  the  most 
stable  waveform.  In  the  le^st  stable  w-^veform  the  fundamental 
harmonic  component  can  Incre^’se  with  distance,  while  the  higher 
harmonics  decrease  with  distance^.  Thus,  an  Initially  distorted 
wave  can  become  undistorted  as  it  progresses.  The  following 
experiment  was  designed  to  demonstrate  the  inversion  of  waveform 
on  reflection  from  a  pressure  release  boundary  and  this  decrease 
of  distortion  with  distance. 

'  pressure  release  reflactor  was  constructed  by  stretching 
a  plastic  membrane  over  an  air  chamber  and  a  rigid  one  by  mounting 
an  aluminum  plate  so  it  could  be  easily  attached  in  place  of  the 
pressure  release  boundary. 
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The  expsrlroent  was  performed  with  high  Intensity  2  I’o 
ultrasonic  pulses  in  water.  The  waveform  of  the  ultrasonic  pulse 
nt  yj^rlouB  dlstnnces  before  and  after  it  had  been  reflected  was 
monitored  by  uae  of  a  barium  tltanate  transducer.  Since  the 
receiver  reson'^ted  near  the  second  harmonic,  this  harmonic  was 
accentuated  In  the  waveform  displayed  on  an  oscilloscope.  Further, 
the  receiver  resonance  caused  a  phase  shift  of  almost  90°  the 
second  harmonic  component  displayed  on  the  oscilloscope.  This 
made  it  possible  to  detect  very  small  amounts  of  second  harmonic 
by  observing  the  "flattening"  of  the  bottom  of  the  oscilloscope 
trace  a^d  the  "sharpening"  of  the  top.  This  Is  Illustrated  in 
Fig.  1,  For  a  distorted  wave  such  as  that  illustrated  in  (a)  we 
get  the  oscilloscope  trace  shown  in  (b)  when  the  phase  shift  of 
the  second  harmonic  is  90®.  The  Increase  of  waveform  distortion 
with  distance  could  be  observed  by  watching  this  type  of  distortion 
on  the  scope.  Since  there  is  a  phase  shift  of  180°  in  each  of  the 
hflrmonlcs  when  a  rigid  reflector  is  used  and  0°  when  a  pressure 
release  reflector  is  used,  the  corresponding  oscilloscope  traces 
differed  markedly  from  each  other. 

In  Fig.  2  is  given  a  series  of  pictures  of  oscilloscope 
traces  which  show  the  tr'^nsducer  output  at  increasing  distances 
from  the  source.  It  can  be  seen  th^t  the  distortion  of  the  wave¬ 
form  increases  with  dlpt'’nce.  As  indicated,  reflection  from  a 
solid  boundary  produced  the  waveforms  shown  in  the  second  row  of 
pictures  where  it  can  be  seen  that  the  •distortion  continues  to 


(S) 
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Increnee  with  Increasing  dlst'^noe.  On  the  other  h'lnd,  the  lower 
p^’rt  of  the  figure  shows  th'^t  the  weve  on  reflection  from  a 
pressure-release  toundf^ry  Is  Inverted;  l.e.  It  Is  distorted  in 
the  "wrong  direction."  Therefore,  the  distortion  deoreases  with 
Increeslng  dlst'^nce  until  at  a  distance  from  the  pressure- 
release  reflector  eitnoet  eou'^l  to  that  between  the  transducer 
and  the  bound'^ryj  the  waveform  is  again  essentially  sinusoidal. 

On  progressing  ff^rthor,  the  wave  beooires  sinusoidal  and  then  dis¬ 
torts  again.  • 

This  behavior  led  us  to  wonder  whf't  the  slutatlon  would 
be  If  we  were  to  use  such  reflectors  to  set  up  sta^idlng  waves, 
using  continuous  W'^ves  Instead  of  pulses.  We  Investigated  these 
et'^ndlng  finite  '’mplitudo  waves  by  looking  at  the  optical  diffrac¬ 
tion  affects, 

One  of  the  reasons  for  wanting  to  make  this  investigation 
is  th^t,  although  all  of  the  details  were  not  worked  out  Inltl^'lly, 
the  study  of  standing  waves  by  optical  refraction  resulted  In  the 
first  Indication  that  finite  amplitude  distortion  in  liquids  was 
l'’rge  enough  to  produce  Interesting  optical  effects.  Now,  Zankel 
has  solved  the  problem  of  the  diffraction  of  light  by  progressive 
finite  ajiipiitude  waves  ''nd  Cook  has  solved  the  problem  of  the  dif¬ 
fraction  of  light  by  a  standing  sinusoidal  wave  of  arbitrary  stand¬ 
ing  wavs  ratio.  We,  therefore,  are  ^ble  to  use  their  results  In 
considering  the  diffraction  of  light  by  st’^ndlng  finite  amplitude 
waves  of  arbitrarj^  standing  wave  ratio.  This  problem  Is  rather 
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compl  lent  eel,  ''nfl  h"s  not  teen  worked  out  In  flet*!!!;  however,  halving 
these  results  using  the  rigid  snd  the  pressure  release  boundary, 
some  conclusions  nbout  the  diffraction  of  light  by  standing  finite 
amplitude  waves  can  be  m**de. 

Consider  now  whet  would  happen  If  we  had  a  standing  W'’ve 
made  up  of  distorted  waves  travelling  In  opposite  directions,  the 
distortion  being  such  that  the  leading  edges  are  steepest.  This 
is  the  situation  one  finds  with  a  rigid  reflector  If  the  standing 
wave  system  Is  observed  near  the  reflector.  The  diffraction 
pattern  produced  by  such  a  system  of  waveis  would,  be  symmetrical; 
l.e,  the  positive  and  negative  diffraction  orders  will  to  of  equal 
Intensity.  This  should  be  true  for  all  sound  Intensities,  On 
the  other  hand,  the  standing  wave  system  found  when  wo  have  a 
pressure  release  reflector  would  bo  the  superposition  of,  say,  a 
wave  going  to  the  right  with  a  staep  leading  edge  with  a  wave 
going  to  th?  left  with  a  steep  trailing  edge.  Such  a  system  would 
produce  a  diffraction  pattern  which  Is  asymmetrical  since  the 
distortions  of  the  waves  arc  in  the  same  direction.  The  assumption 
made  here  about  the  standing  wave  system  Is  strictly  valid  only 
In  the  vicinity  of  the  reflector.  We,  thereforo,  passed  a  beam 
of  light  as  close  as  possible  to  the  reflector  and  observed  how  the 
character  of  the  diffraction  patt.-.)rn  changed  as  the  distance  be¬ 
tween  source  and  reflector  was  Increased. 

The  character  of  the  entire  diffraction  pattern  can  bo 
realized  by  observing  how  the  first  :’lffractlon  order  changes  with 
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Iticr^riae  of  sounS  intensity  'in-l  compTrlng  the  experiment'll  v'^lues 
with  wh«t  would  he  expected  if  one  h'ld  sinusoidal  weves.  This 
comp'^rlson  w^s  m^de  by  flr^t  setting  the  source  ■’nd  reflector 

within  3  cm.  of  e*'ch  oth»r.  H  this  dist'nnce,  whetevor  be  the 

■ 

reflector,  the  w'^ves  ^ra  slnueold'^l.  Therefore,  one  c*in  cnloul''tG 
the  Intensity  of  light  In  the  dlffnctlon  orders  from  the  expression 

~  2  ^ Vfl ) 

where 

\i~ 

\ 

Is  Is  Indicated,  the  nu-^ntlty  v  Is  proportloml  to  the  sound  pres¬ 
sure  'Amplitude  P,  which  is  proportion'*!  the  the  quartz  voltege.K  Is 
th«  Yilozo-optlc  coefficient  ond  L  Is  the  width  of  the  sound  be^m. 

The  proportlon'illty  const'i.nt  between  the  ou«*rtz  volthge  end  v  wns 
found  by  observing  th''t  wh'>t  over  the  standing  weve  retlo  the 
Intensity  of  the  zero  order  ell  p-^ss  through  the  common  v^lue  of 
30<  of  th‘’  Incl-i^nt  Intensity  ot  the  v^lue  v  =  1.4,  With  this 
C'^llbrotlon  it  Is  possible  to  comporo  the  theoretic*!!  values  of 
light  Intensity  In  eny  order  with  the  experiment'll  ones.  We  look 
’’t  the  first  order  curves. 

Fig;  3  shows  how  the  light  Intensity  In  the  first  orders 
v<!rles  with  lncro'>slng  sound  pressure  when  the  rigid  reflector  Is 
used.  The  positive  '’nd  negative  orders  were  of  equ-M  Intensity 
to  within  experlmentnl  error.  Th^  symmetry  of  the  dlffnctlon 
p-^ttern  Is  thus  verified.  It  will  be  noted  th''t  es  the  distance 
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Is  incr^nsad  between  source  "iticl  reflector  the  experlniGTit'il  points 
clevl^ts  TTore  'ind  more  from  the  theorotlc'il  curve.  This  Is  caused 
by  the  f^ct  th^t  the  second  harmonic  Is  Increnslng.  This  second 
hermonlc  does  rot  effect  the  symmetry  of  the  pnttern,  but  It  does 
'=iffect  the  Intensity,  'T'his,  then,  Is  not  o'^ncell'ntlon  of  the  type 
Z^nkel  md  Mnyer  produced  when  they  used  two  progressive  finite 
«iroplltude  w'lvee  tr'ivelllng  In  the  S'^me  direction. 

On  the  other  h"nd,  the  presence  of  second  h'^rmonlc  can 
produce  hsymmotry.  This  Is  shown  In  Fig,  4  where  we  h'^.ve  used  d 
pressure  relense  reflector.  It  3  cm  between  source  rind  reflector 
the  second  h'^'rmonio  Is  not  preaent  even  for  the  highest  amplitude 
used.  As  the  distance  Increases  the  s.econd  h'^rmonlc  increases 
''nd  this  time  produces  «\n  asymmetry  of  the  pattern.  This  asymmetry 
Is  a  measure  of  the  amount  of  the  second  harmonic  present.  It  can 
thus  lead  to  a  determination  of  the  waveform  In  space,  (The  time 
dependence  of  the  wave  form  c'’n  bo  obtained  from  a  study  of  the 
w-^y  the  diffraction  pattern  Is  modul’^tod  by  using  an  ac  photo¬ 
multiplier,  Thus,  the  presence  of  the  least  stable  waveform 
makes  it  possible  to  use  optical  methods  to  determine  the 
waveform  distortion  of  a  standing  finite  amplitude  wave. 
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